adequate diagnostic technique for fusion research machines. Among various instruments for ECE diagnostics, only Fourier-transform spectrometers with Martin-Puplett interferometers can measure electron cyclotron radiation in a broadband frequency range from 70 to 1000 GHz. Before these measurements, a complete system including a frontend radiation collector, a transmission line, an interferometer and a radiation detector should be absolutely calibrated. A hot/cold calibration source and data-averaging technique are used to calibrate the total ECE diagnostic system. It takes long time to calibrate the ECE system because of the low power level of the calibration source and high values of the noise equivalent power (NEP) of the detection system. A new technique, Hilbert-transform spectral analysis, is proposed for the ITER plasma ECE spectral measurements. An operation principle, characteristics and advantages of the corresponding Hilbert-transform spectrum analyser (HTSA) based on a high-T c Josephson detector are discussed. Due to lower NEP-values of the Josephson detector, this spectrum analyser might demonstrate shorter calibration times than that for the Martin-Puplett interferometer.
Introduction
The measurement of the cyclotron radiation provides the plasma electron temperature profile and also used to study various phenomena in plasma physics like temperature fluctuations, non-thermal electrons population and power losses due to ECE. The ECE measurement diagnostic has been established as adequate diagnostic technique for fusion research machines. Therefore, measurement of this diagnostic is proposed for the ITER plasma.
There are many techniques for the measurement of the cyclotron radiation.
Among them, superheterodyne radiometers and Martin-Puplett interferometers are very popular and used for ECE measurements in a majority of fusion research machines [1] . The radiometers have a limited frequency bandwidth, determined by an intermediate frequency (IF) band width and a frequency of local oscillators, e.g. from 100 to 200 GHz. A combination of an optical-mechanical Fouriertransform spectrometer, based on a polarizingtype Martin-Puplett interferometer, with a broadband cryogenic detector is used for broadband ECE measurements. Here, the usual cryogenic detector is an InSb hotelectron bolometer, which operates in an optical cryostat at the temperature of 4.2 K. This technique has been used for broadband ECE measurements for around 40 years.
The required specifications of the spectrometer for the ECE measurement are mentioned in Table 1 . The ECE total system including a front-end radiation collector, a transmission line, an interferometer and a radiation detector should be absolutely calibrated. A hot/cold calibration source and data-averaging technique are used to calibrate the total ECE diagnostic system. It takes long time to calibrate the ECE system because of the low power level of the calibration source and high values of the noise equivalent power (NEP) of the detection system. There are two ways to reduce the calibration time for the ECE measurement system. One is to improve the transmission efficiency of the ECE transmission line and other is to have a broad band ECE measurement instrument with low NEP detection system. We propose a new type of a THz spectrum analyzer, based on a high-T c superconducting Josephson junction with low NEP-values [2] 
HTSA Theory
There is a modification of the dc I(V) curve of the Josephson junction due to frequency pulling of Josephson oscillations induced by external radiation. The small-signal response ǻI(V) = I(V) -I 0 (V) has been found to be proportional to the Hilbert transform of the spectral density S(f) of external radiation, so unique deconvolution of S(f) is possible from the experimental data [4] . The exact solution of the problem is
, (1) where f j = 2eV/h is the voltage-controlled frequency of the Josephson oscillations, V is the voltage across the junction, H(V) is a normalized response function
I c is the critical current and R n is the normal state resistance of the Josephson junction, f is the radiation frequency, h and e are the Planck's constant and the electron charge, respectively. This relation between spectrum and the response function is valid when the Josephson junction is described by the resistively shunted junction (RSJ) model [5] . The radiation spectrum can be recovered in three steps: one should measure the I-V curves of the junction with and without radiation, calculate the normalized response function H(V) from experimental data according to equation (2) and then apply the Hilbert transform to the function H(V) according to equation (1) .
There is an additional advantage in the Hilbert transform that filters the background radiation, because the Hilbert transform gives a zero value when applied to the constant spectral density. 
Characteristics of HTSA
In this section we give a description of various features of HTSA, based on high-T c Josephson junctions. To derive the required parameters of the HTSA for ECE applications, the following set of parameters of Josephson junctions will be considered: the junction temperature T = 66 K, the normal state resistance R n = 0.75 Ohm, the characteristic power level P 0 (66K) = 6.4 ȝW and the temperature-dependent characteristic Josephson voltage I c (T)R n = 0.11 mV at 66 K.
Spectral range
The spectral bandwidth of HTSA is actually the spectral range of Josephson oscillations that is within two main frequency limits. The low frequency limit f l is given by
where įf 0 is thermal broadening of the Josephson line width at large voltages and given by
The high-frequency limit f h is given by
where P 0 (T) is the characteristic power level of Joule heating in the junction. GHz from equation (4). The low-frequency limit f l is 20 GHz and the high-frequency limit f h is 1060 GHz for the same set of parameters. So, the required spectral range from 70 to 1000 GHz given in Table 1 will be within the frequency limits of the HTSA base on the high-T c Josephson junction with predetermined parameters.
Frequency Resolution
A frequency resolution of the Josephson frequency selective detection and Hilbert transform spectral analysis is determined by the line width įf of Josephson radiation of the junction. An instrumental function of Hilbert transform spectroscopy is determined by spectrum of Josephson oscillation, which is described by Lorentz function for broadband thermal voltage fluctuations. The Josephson linewidth is given by [6] 
where Ȧ is the normalized voltage or frequency, Ȧ =V/I c R n = f j /f c and f j is the measurement frequency. The frequency resolution of the spectrometer decreases with the measurement frequency fj and for abovegiven values of junction parameters, the variation in frequency resolution from 3.7 GHz to 2 GHz is presented in Fig. 1. 
Time Resolution
Intrinsic time constants of high-T c Josephson junctions is quite low, less than 10 -9 s. The time resolution of the spectrum analyser is determined by a bandwidth of available lownoise electronics. Electronics with the bandwidth of 14 MHz and noise of 1.6 x 10 -10 V/Hz 1/2 have already been realized for operation with high-T c Josephson junctions that gives good time resolution of 71 ns. Therefore, we can achieve required time resolution of less than 10 ms for the ECE application. 
Noise Equivalent Power (NEP) and Dynamic Range
Intrinsic NEP of the spectrum analyser is described by the following equation [7] 
This can be improved by operating with low resistance junctions and at lower temperatures. The NEP-values are also dependent on the measurement frequency (see Fig. 2 ).
A power dynamic range D is determined by the ratio of P m /NEP*B 1/2 , where P m is the maximum power, where response ǻI(P) of the detector is deviating from the linear dependence on the fixed amount, e.g. 3 dB, NEP is the noise equivalent power and B is the bandwidth of the electronics of the detector. The dynamic range D of the frequency selective Josephson detector is described by the following equation [8] 
The experimental response ǻI(V) to 86 GHz radiation is presented in Reference 11. The calculated dynamic range for our parameters is plotted in Figure 3 . 
Spectrometer Calibration and required calibration time
It is required to calibrate the ECE radiation measurement instrument for determining the radiation temeprature. This calibration can be done by placing the calibration radiation source at the front end (near tokamak) of the ECE measurement system. A hot/cold black body source with two known physical temperatures is used in a calibration process. The hot source consists of a silicon carbide plate with surface contoured to assure that it is a blackbody emitter while the cold source is based on Eccosorb absorbers cooled by liquid nitrogen. This calibration method with two different radiation temperatures gives reasonably good accuracy of 10% for temperature measurements.
The NEP of the spectrometer is higher than the power level of the signal from the calibration source. Therefore, a data averaging methode is used to calibrate the spectrometer. When n numbers of measurement data are averaged, the improvement in signal/noise ratio is equal to n 0.5 . The required calibration time depends on the NEP of the spectrometer and the power level of the signal. For the signal to noise ratio of 100, the required total calibration time is given by (9) where P s is the signal power, B v is the video bandwidth and ǻĲ is time taken to scan full spectrum. The signal power P s during calibration is given by
where ș s is the calibration source temperature, f is the frequency of radiation, ǻf is the frequency resolution of the spectrometer, E t is the etendue, T tl is the power transmission from the source to the detector and the constant K is equal to 2.44 x 10 -41 .
The estimated calibration time for ECE measurements vs. frequency for both types of spectrometer is shown in Fig. 4 Sr. We have considered the power transmission (T tl ) of the circular waveguide transmission line [9] for this calculation. The video bandwidth B v is 100 KHz and the time taken to scan full spectrum is 10 ms. The required calibration time for Hilbert-transform spectral analyser is of one-two orders of magnitude less than that for Martin-Puplett-type Fourier-transform spectrometer at lower frequency range up to 350 GHz. This lower frequency range shall be used to determine a radial profile of the plasma electron temperature [9] .
Conclusions
The theoretical estimates shown above demonstrate full compliance of main characteristics of the Hilbert-transform spectrum analyser based on the high-T c Josephson junction with the required specifications for measurements of ECE radiation spectrum and radiation temperatures in fusion research devices. It is inferred that the required calibration time for the Hilberttransform analyzer is less than that for MartinPuplett-type Fourier-transform spectrometer.
Additional advantage of the Hilbert-transform spectrum analyzer in ECE measurements comes from the principal difference between Hilbert-transform and Fourier-transform techniques in detection of radiation with spectra consisting of a spectral line and a frequency-independent background. A frequency-independent radiation background gives no signal in Hilbert-transform spectral analysis, but it gives a large signal in Fouriertransform spectroscopy. An effective power dynamic range available for ECE peaks embedded in background radiation might be higher in Hilbert-transform spectral analysis compared with that for Fourier-transform spectroscopy.
Also, when compared with the Fouriertransform spectrometer for ECE measurements, the Hilbert-transform spectrum analyzer contains no moving mechanical parts and does not require cooling to liquid helium temperatures.
